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are individually driven and controlled.[8,9] 
By tuning the relative phase and amplitude 
of the signals driving different transducers, 
one can introduce precise delays between 
them and control the individual pressure 
level.[10–12] PATs can generate complex and 
fast-changing pressure landscapes, able to 
trap,[13] rotate, and move particles at high 
speeds.[14,15] In spite of their success, PATs 
suffer from some important limitations. 
Complex electronics with extreme timing 
requirements are used in order to main-
tain the synchronization, hampering the 
scalability. In addition to that, the trans-
ducers used in most mid-air ultrasonic 
PATs are bigger than the wavelength of 
the wave they generate,[10–15] which poses 
severe limitations to the accuracy of the 
acoustic landscapes they can produce.
The other existing approach is through 
fixed acoustic modulators,[16] namely, pas-
sive structures that locally modify the 
amplitude and/or the phase of a wave 
generated by some other source. This 
approach encompasses the concept of acoustic metamaterials, 
whose exotic effective properties stem from their carefully 
engineered deep-subwavelength resonant microstructure.[17–19] 
Metamaterials have been shown to control waves in unusual 
ways,[20,21] providing perfect wave steering,[22] negative refrac-
tion, or focusing beyond the diffraction limit,[23] among many 
other examples. In the context of ultrasonic waves, a new level 
of control has been enabled with the recent development of 
holographic phase masks which can perform more complex 
operations than simple focusing. They have been able to create 
complex multiplane pressure landscapes,[24] move small par-
ticles along complex paths,[25] or even focus waves inside the 
human skull.[26] Made with affordable additive manufacturing 
technologies, their main limitation is their lack of reconfig-
urability; the phase masks are designed and 3D-printed to 
imprint a unique signature. To solve this, some proposals have 
combined arrays of transducers with specially designed static 
acoustic focusing lenses.[27] The versatility of the PAT comple-
ments the improved spatial resolution of the lens, allowing on-
demand wave steering and focusing at different distances.
This hybrid control strategy is reminiscent of optical sys-
tems, in which the sources of light (lasers) and the control 
elements (spatial light modulators (SLMs)) are complemented 
with several static lenses. In the realm of optics, SLMs play a 
central role. They can imprint amplitude, phase, or polariza-
tion signatures to an existing beam.[28] They are reconfigurable, 
Precise control of ultrasonic acoustic waves with frequencies f ≳ 20 kHz is 
useful in a range of applications from ultrasonic scanners to nondestructive 
testing and consumer haptic devices. A spatial sound modulator (SSM) is the 
acoustic analogy to the spatial light modulator (SLM) in optics and is highly 
sought after by acoustics researchers. A spatial sound modulator is con-
strained by very distinct practical conditions. Namely, it must be a reconfigur-
able device which modulates sound arbitrarily from a decoupled source. Here 
a reflective phase modulating device is realized, whose local units can be 
tuned to imprint a phase signature to an incoming wave. It is manually recon-
figurable and consists of 1024 rigidly ended square waveguides with sliding 
bottom surfaces to provide variable phase delays. Experiments demonstrate 
the ability of this device to focus ultrasonic waves in air at different points 
in space, generate accurate pressure landscapes, and perform multiplane 
holography. Moreover, thanks to the subwavelength nature of the unit cells, 
this device outperforms state-of-the-art phased-array transducers of the same 
size in the quality and energy distribution of generated acoustic holographic 
images. These results pave the way for the construction of electronically 
controlled reflective SSMs.
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There are myriad scientific and technological uses for sound 
waves beyond audible applications. In addition to the well-
established field of medical ultrasound,[1,2] ultrasonic waves 
are used in parametric audio systems,[3] mid-air ultrasonic 
haptic devices,[4] personal health systems,[5,6] or contactless 
matter manipulation setups,[7] to name just a few examples. 
The development of novel devices and strategies to manipu-
late acoustic waves has, thus, an immense potential to improve 
existing technologies or to give rise to new ones.
At present, the control of ultrasonic wavefronts is attained fol-
lowing two different strategies. The main approach uses phased 
array transducers (PATs); a large ensemble of small speakers that 
© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, 
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fast, and extremely versatile. Crucially, a tool with analogous 
levels of control and versatility for ultrasound waves is yet to 
be developed. In the audible regime, a binary phase spatial 
sound modulator (SSM) has been proposed for shaping sound 
in closed reverberant environments.[29] However, the number of 
degrees of freedom present in cavities or closed rooms is high. 
The acoustic field is a combination of many standing wave 
modes not available in single-axis systems. Thus, alternative 
approaches to binary phase modulation must be considered.
In this work, we develop a manually reconfigurable reflective 
SSM and demonstrate an important step toward the construc-
tion of a true acoustic analog for SLMs. We go on to theoreti-
cally and experimentally demonstrate its ability to control the 
propagation of ultrasonic waves in air. The article is organized 
as follows. First, we present a discussion on the similarities 
and differences between optical and mid-air ultrasonic sys-
tems, paying special attention to the practical constraints that 
the latter impose. We discuss why the Nyquist rate of λ/2 is 
the practical choice for the design for a metamaterial device 
that can accurately control ultrasonic waves. Next, we present 
the design and fabrication of a reconfigurable, reflective SSM 
consisting of 1024 independent rigidly ended square wave-
guides of a side length of λ/2 and a sliding bottom surface. We 
experimentally show how this device is able to focus waves at 
different positions and generate complex acoustic holographic 
images of higher quality compared to commercial PATs of the 
same total size. Finally, we show how a smaller handheld mod-
ulator with only 256 reflectors is still able to focus the waves at 
different points and create simple holographic images.
The propagation of single-frequency linear acoustic waves is 
governed by the Helmholtz equation,[30,31] which also describes 
the propagation of monochromatic electromagnetic waves.[32] 
This sets a clear parallelism between both phenomena, even 
though the underlying physical principles are entirely different. 
As a result, concepts like diffraction, holography, or interfer-
ence apply to both systems in a similar manner. Building upon 
this parallelism, research in ultrasound control has been bor-
rowing knowledge and concepts from the well-established field 
of optical systems. Yet, despite their similarities, these two 
domains show dramatic practical differences.
Most mid-air ultrasonic applications use frequencies around 
40 kHz, with corresponding wavelengths of λs ≈ 8.58 mm in air 
(assuming the room temperature of 20 °C). The typical sources 
of coherent ultrasound are arrays of circular transducers,[4] 
each of them having an individual diameter of Ø ≈ 10 mm ≈ 
1.2λs. These 2D arrays usually contain 256 transducers distri-
buted in a square lattice, resulting in a total side length of l ≈ 
170 mm ≈ 20λs. Application of these arrays for mid-air haptics 
or particle trapping typically targets distances no greater than 
50 cm ≈ 58λs as beyond this the acoustic pressure becomes too 
low. In addition to the energy absorption by the medium, the 
main reason for this fast decrease in pressure is the spreading 
of the ultrasonic “beam” as it radiates from the transducer in 
a conical shape. As a ballpark comparison, the prototypical 
source of coherent light, a HeNe laser (λl = 633 nm), generates 
an extremely tight parallel beam with a diameter of ≈ 1 mm 
(≈ 1600λl). With a divergence of 1–2 mrad, the beam diameter 
spreads to just ≈ 3 mm after a propagation of 1 m ≈ 1.5 × 106 λl 
and much more energy is retained in the far field.
Another important difference between optical and air–
ultrasonic systems is the availability of lenses. Optical systems 
use sets of commercial focusing lenses to control and condition 
the beam. In such lenses, optical refraction implements various 
phase signatures with reasonably high transmission efficiency. 
Conversely, equivalent lenses for air–ultrasonic applications are 
scarce. The large impedance mismatch between the air and any 
other solid material makes it effectively impossible to create beam 
controlling devices from homogeneous materials. The solution to 
this problem is lenses made up of individually engineered struc-
tures (metamaterial lenses),[20,33] which introduce predefined 
phase delays while trying to minimize back reflections and losses.
The ultimate control elements in optical systems are SLMs. The 
concept encompasses different technologies[28] (like liquid crystals 
and digital micromirror devices), which can control the amplitude, 
phase, or polarization of incoming light. Models can be transmis-
sive or reflective, but the key feature is their reconfigurability; 
they contain an array of elements (pixels) that can be individually 
and externally controlled. Current commercial SLMs contain big 
arrays of pixels (they even achieve 4K resolution[34]), and the pitch 
between them is typically larger than 4λl. These devices are used 
in conjunction with a system of optical lenses so that the desired 
wavefront control is generally attained in the far field.
For our objective of creating a reconfigurable reflective SSM, 
the aforementioned differences between optical and mid-air 
ultrasonic systems need to be carefully considered. The absence 
of traditional lenses in the acoustic regime and the rapid decay 
of the pressure make it necessary to control the waves at much 
shorter distances than in optical SLMs. Apart from the total size 
(aperture) of the SSM, which is usually subject to practicality, the 
most critical design parameter is the pitch of the pixels, i.e., the 
distance between adjacent pixels or elements forming the SSM.
For the sake of simplicity, let us consider a 2D space (x, z). 
Given a known pressure distribution p(x, z1), at one plane z = z1, 
the propagation to a second plane z2 is given by the angular 
spectrum method.[31] This method is exact to the level of the 
Helmholtz equation and, in contrast to some approaches used 
in optical holography like Fresnel/Fraunhofer approxima-
tions,[35] it does not contain any assumption as to the distance 
between the planes or the angles of the wave components. The 
pressure in z2 is given by
, IFT FT , e2 1
2 2
2 1[ ]( ) ( )=  ( )− −p x z p x z i k k z zx  (1)
where FT and IFT stand for “Fourier transform” and “inverse 
Fourier transform,” respectively, kx is the conjugate variable of 
x, and k = 2π/λ (see the Supporting Information for details). 
For far-field propagation, that is (z2  − z1) ≫ λ, the exponen-
tial function in Equation  (1) behaves like a low-pass filter on 
p(x, z1), and only wave components with |kx| ≤ k (the so-called 
propagating waves) contribute to the formation of the pressure 
signal at z2.[36] As a result, p(x, z1) has a maximum bandwidth 
B = k, and, following the Nyquist theorem[37] can be perfectly 
reconstructed when sampled at a rate of 2
2 2
pi λ∆ < =
B
x  (see also 
Equation (S12) in the Supporting Information). Undersampled 
signals will have a bandwidth of B′  < B, in which frequen-
cies larger than B′ are aliased, leading to significant spectral 
distortions that will translate to artifacts in the propagated 
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acoustic field. Adhering to the Nyquist sampling theorem, 
pitches smaller than λ/2 are redundant and do not reduce the 
aliasing effects any further.
In our experimental realization, the SSM reflects the 
incoming wave into the same half-space from which the wave 
is produced (see a sketch of the setup in Figure 1a); the space 
at the back is used to actuate the device. The SSM consists 
of a rectangular array of 1024 (32  ×  32) rigidly ended square 
waveguides of side length ≈ λ/2 with a sliding bottom surface. 
Each of the waveguides introduces a phase delay, φn, that can 
be approximated as φn  ≈ 2kdn, where dn is the depth of the 
waveguide (see the inset in Figure  1b). By sliding the bottom 
surface of the waveguide up and down, the phase delay can be 
continuously modified. In order to realize these variable-depth 
waveguides, the SSM is made of two parts: a rectangular grid 
with thin walls and a set of rectangular pistons with a cylin-
drical actuation pillar. Pistons are introduced in the grid, filling 
the rectangular spaces and resulting in a set of variable-length 
waveguides (see Figure  1b). Both the grid and the pistons are 
built using additive manufacturing techniques. The grid is 
3D-printed in a fused-filament Flashforge Creator Pro printer 
using polylactide (PLA) plastic. The walls forming the grid 
Figure 1. a) Sketch of the experimental setup. The transducer is shown in black gray. b) 3D exploded view of the device. The grid is shown in blue and 
the reflectors in gray. The displacements’ template is shown in yellow. The inset shows a cross section of the SSM. c(i)–(iv)) Photographs of the SSM 
imprinting different phase maps. The different position of the pistons is visible. d) Sketch of the simplified transmissive model used to simulate the 
propagation of the waves after a phase signature b(r) is imprinted. e) Measurement of the reflected pressure in the xz plane (y = 0) when a focal point 
phase signature is imprinted at (−37,116) mm. f) Corresponding measurement in the xy plane (z = 13.5λ = 116 mm). g) Same measurement as in panel 
(f) when the device is reconfigured to produce the image of the letter “S.”
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consist of single filament lines printed with a 0.4 mm dia-
meter nozzle and a layer height of 0.2 mm. The resulting wall 
thickness is measured to be δ = 0.47 ± 0.02 mm. Pistons are 
manufactured in a Formlabs Form 2 3D-printer using standard 
gray resin and a layer resolution of 100 µm. They are printed 
with the rectangular section in an upward position, making 
use of a small support structure to achieve a flat and homoge-
neous finish on the top rectangular face. This face becomes the 
bottom sliding surface of the waveguides once the pistons are 
inserted into the grid.
The actuation of the pistons is done by pushing one of a set 
of prefabricated displacement templates onto the back of the 
SSM. These templates contain a map of displacements for each 
of the pistons and are manufactured using conventional fused-
filament 3D printing (the vertical resolution of these maps is 
0.2 mm). By exchanging these displacement maps, the SSM is 
reconfigured to imprint different phase signatures (see pictures 
of the SSM imprinting different phase maps in Figure 1c).
The experimental setup to test the SSMs consists of a single 
source of waves, an ultrasonic transducer (Murata MA40S4S) 
driven with a sinusoidal signal of frequency f = 40 kHz. The 
transducer is located at a distance of ≈ 17 cm from the center 
of the SSM’s surface (the origin of coordinates) and is oriented 
with an angle of 30° with respect to the normal as shown in 
Figure 1a. The acoustic pressure is measured at different planes 
of constant y or z using a pressure field microphone (B&K 4138-
a-015; details in the Supporting Information). The microphone 
is attached to a 3D gantry that can move in XYZ directions. In 
order to separate the incoming wave, p1, from the reflected one, 
p2, we measure the complex incoming pressure p1 beforehand 
in absence of the SSM. Both the amplitude of the signal and 
the relative phase are recorded at each point. The SSM is then 
positioned carefully, and the total pressure (p1  + p2) is meas-
ured. The subtraction of the two complex values results in the 
reflected pressure p2.
We simulate the pressure reflected by the SSM using a sim-
plified model, treating it as an ideal transmissive phase mask 
applying a complex signature, b(r), to the incoming wave 
(Figure 1d). A mirror-symmetric image of the source is consid-
ered at z < 0, and the SSM is modeled as an array of 32 × 32 
square patches of size λ/2. All points within one of the squares 
(we denote the surface of the nth square as Sn) introduce a con-
stant phase delay, φn, so that ( ) 1ei= φb r n for r ∈ Sn. For points 
outside the mask we set b (r) = 0 to account for the finite size of 
the SSM in space.
Focusing Waves: Focusing is a simple and essential wave 
manipulation, used in mid-air haptic feedback[38–40] and trap-
ping displays.[12,14,41] It is typically realized by imposing a phase 
signature, proportional to the distance between the source and 
the target focusing point, such that waves coming from dif-
ferent points reach the target with the same phase.[42] Following 
this geometric approach, the focusing signature at z1 is given by 
( , ) e1 0
i ( ) ( )0
2
0 1
2
=
− − + −p x z p k x x z z , where (x0,z0) are the coordinates 
of the target point and p0 is a reference pressure. The phase 
signature required to generate a focal point at the coordinates 
(x0,y0,z0) is ( , ) ( , ) i ( ) ( )s 0
2
0
2
0
2φ φ= − − − + − +x y x y k x x y y z . In 
this formula, φs(x,y), corresponds to the phase of the incoming 
wave at the position (x, y, 0) in the SSM. We use the piston 
model formula[31] to model the pressure emitted by the trans-
ducer and calculate φs. The resulting phase signature is sampled 
at λ/2 (the spacing between reflectors) and transformed into 
displacements, resulting in the actuation shown in Figure 1c(i). 
The reflected pressure measurements in Figure  1e,f demon-
strate a clear focal point of pressure at the target location.
Simple Holographic Images: We create a complex acoustic 
pattern in the form of an acoustic holographic image.[24,43] The 
target shape is the letter “S” generated at the z = 13.5λ plane and 
centered at the same position as the previous focal point signa-
ture. In order to find the required phase map, we use a modified 
version of the iterative angular spectrum approach (IASA).[24,44] 
The algorithm (details in the Supporting Information) updates 
the target pressure distribution after some iterations over-
weighting and underweighting the regions of the image where 
the pressure is lesser or greater than needed, respectively. In 
this way, the resulting images are more homogeneous and 
closer to their ideal shape. The resulting actuation of the SSM 
is shown in Figure 1c(ii) and the measurement of the reflected 
pressure in Figure  1g. The maximum value of pressure in the 
holographic image (≈ 150 Pa), is significantly smaller than for 
the focusing case (≈ 350 Pa), showing how the reflected pressure 
is spread over a wider area to generate the shape of the letter.
Complex Holographic Images: Next, we create a more complex 
holographic image containing the letters “U” and “S” (for Uni-
versity of Sussex) at z = 13.5λ (a sketch of the setup is shown in 
Figure 2a). We use the same algorithm to find the required actu-
ation map (Figure 1c(iii)). The simulation and the measurement 
of reflected pressure (Figure 2b,c respectively) show a good agree-
ment, demonstrating that our SSM can create complex acoustic 
holographic shapes. For comparison, we attempt to create the 
same image using a PAT of a similar size. It comprises an array 
of 13 × 13 transducers (Murata MA40S4S) with a center-to-center 
spacing of 10.5 mm, and the same iterative algorithm is used to 
find the map of phases for each of the transducers. A sketch of 
the setup is shown in Figure 2d. The iterative method now con-
verges to a solution in which both the amplitude and the phase 
of the transducers are controlled. The large (>λ) distancing 
between the transducers introduces aliasing that translates to 
artifacts in the spatial domain. We use two evaluation metrics 
to quantify the results of Figures 2e and 3f; mean squared error 
(MSE) and structural similarity index (SSIM). MSE measures 
the average squares of the errors between an image and a ref-
erence image. SSIM combines an image’s luminance, contrast, 
and structure to assess its perceptive quality over a reference 
image.[45] It is returned as a non-negative number that increases 
with similarity and reaches 1 for identical evaluation and refer-
ence (target) images. Formulas for the evaluation metrics can 
be found in the Supporting Information. As can be seen in 
Table 1, the SSM shows a smaller MSE and a higher perceptive 
quality compared to the PAT (see the Supporting Information 
for more information on data processing). To further empha-
size this, we created the same image at a closer plane, z = 8λ. 
Reducing the distance to the target plane forces the system 
(SSM or PAT) to generate larger transverse wave components, 
(kx, ky), which accentuates the aliasing. The SSM can produce an 
image very similar to the more distant previous one (compare 
Figure 2i,c). Conversely, when distance is reduced, the aliasing 
affecting the PAT worsens; the expected holographic image is 
Adv. Mater. Technol. 2020, 2000041
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obviously distorted and artifacts have moved closer to the target 
image (Figure 2k,l). The difference in perceptive quality between 
the SSM and an equally sized PAT is larger, with the PAT also 
showing large MSE values (see Table 1). These results and evalu-
ation demonstrate that our SSM can spread energy more accu-
rately to form holographic images of higher quality than a PAT 
of the same size.
Multiplane Holographic Images: As a final example, we use 
our SSM to generate a multiplane holographic image.[21,24] In 
particular, we aim at generating the shape of two letters (letters 
“S” and “U”) at two parallel planes (z = 7.5λ and 15λ, respec-
tively). We use the same iterative algorithm with two target 
images to find the required actuation map (Figure 1c(iv)). Simu-
lations shown in Figure 3a,b are in perfect agreement with the 
Figure 2. a) Sketch of the experimental setup for an SSM at the y = 0 plane. The measurement plane is indicated with a dashed line and the SSM in 
blue/gray colors. b) Simulation and c) measurement of the pressure reflected by the SSM when generating a pressure landscape at the z = 13.5λ plane. 
d) Sketch of the experimental setup for a PAT at the y = 0 plane. The target pressure map is the same as in panels (b) and (c). e) Simulation and 
f) measurement of the pressure generated by a PAT (13 × 13 transducers) at the z = 13.5λ plane. g–l) Analogous content, with the images now gener-
ated at the z = 8λ plane. All the simulations show normalized pressures, i.e., |P|/Pmax ∈ [0,1].
Adv. Mater. Technol. 2020, 2000041
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corresponding measurements in Figure  3c,d. Extending the 
manipulation of ultrasound in 3D space has proven impor-
tant for different applications, such as acoustophoretic 3D 
printing[46] and multiparticle ultrasound levitation.[12] Reconfig-
urable modulators can assist in these by providing faster par-
allel volumetric scanning.
The design concept of this device is such that the number of 
elements making it up can be scaled up or down to any number 
required, with the resolving power and complexity of formed 
holographic images changing accordingly. Our SSM containing 
32 × 32 elements demonstrates good control abilities with a lat-
eral size of ≈ 14 cm. We built a smaller handheld version of 
the SSM containing only 16 × 16 reflectors (see Figure 3h). As 
can be seen in the measurements of Figure  3e–g, it was still 
able to produce focal points at different positions, even though 
the peak pressure values (≈ 120 Pa) were significantly smaller 
than those generated with the larger version (≈ 350 Pa). This 
device was also reconfigured to produce a simple holographic 
image (compare simulation and measurement in Figure  3i,j, 
respectively) even though, in this case, the complexity of the 
pressure landscape was greatly limited by its smaller number 
of elements. This can also be deducted from Table 2, where it is 
shown that the 16 × 16 SSM achieved larger MSEs and smaller 
SSIMs in both simulations and experiments. Finally, as the 
functionality of the device depends on elements of size λ/2, 
changing the operational frequency from 40 kHz would simply 
be a case of scaling the geometry of the device up or down by 
the same factor by which one scaled the frequency.
We have presented a phase-manipulating device for ultra-
sonic waves and demonstrated its ability for control with better 
accuracy than state-of-the-art phased arrays of transducers. 
Although our system utilizes a single ultrasound transducer 
with limited strength, our SSM could be used in combina-
tion with other sound sources that provide stronger pressures 
to generate haptics and particle manipulation. The devices 
presented in this work require the manufacture and applica-
tion of displacement templates to move the pistons to the cor-
rect positions, but we envision many ways in which one can 
create an electronically controlled actuation system. Liquid 
crystal displays use a multiplexing strategy to control an 
n-by-m array of crystals. In this way, one does not need a dedi-
cated controller for every pixel but only one for each row and 
column. Similarly, one could envision an array of microstepper 
motors or miniature solenoid magnets (with sufficient interel-
ement shielding) placed beneath each of the sliding reflectors 
and facilitating multiplexed control over each element in the 
metasurface individually. An approach akin to this was under-
taken in recent work where a compact array of independently 
controlled electronic actuators was employed to supply haptic 
sensation to the skin in virtual reality.[47] An activated metama-
terial SSM will continue to maintain many advantages over a 
Table 1. MSE and SSIM of simulations and measurements of our SSM 
and a same-sized PAT creating the holographic images of Figure 2.
Propagating 
distance
Acoustic field MSESSM MSEPAT SSIMSSM SSIMPAT
13.5λ Simulation 0.0330 0.0634 0.1617 0.1053
Measurement 0.0355 0.0712 0.1508 0.1230
8λ Simulation 0.0318 0.0809 0.1875 0.0974
Measurement 0.0362 0.0793 0.1571 0.0858
Figure 3. a,b) Simulations and c,d) the corresponding measurements of the pressure reflected by the SSM at two different planes (multiplane holo-
graphic image). Panels (a) and (c) correspond to z = 15λ and panels (b) and (d) to z = 7.5λ. e–j) Results obtained with a smaller SSM containing 
256 reflectors and sketched in panel (h). e–g) Measurements of the xz and xy planes, when the small SSM is configured to focus the acoustic pressure 
at different points. In these measurements, a thin wall (shown in gray) was placed in the middle of the experiment to separate the incoming from the 
reflected waves. j) A simple image generated with this same SSM, in good agreement with i) the corresponding simulation. More details are given in 
the Supporting Information. a,b,i) All the simulations show normalized pressures (|P|/Pmax).
Adv. Mater. Technol. 2020, 2000041
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PAT counterpart. First, the power requirements and level of 
electronic complexity for a PAT are significant as the trans-
ducers must act as the wave source and modulate both ampli-
tude and phase simultaneously. By comparison, the activated 
metasurface we propose has a decoupled wave source (a sig-
nificant saving in power consumption) and would only require 
actuation while the device switches between phase maps, 
remaining at rest in between generation of holographic images. 
Furthermore, PAT transducers must be updated with a speed 
determined by the operating frequency (40 kHz), such preci-
sion timing control can be difficult to perfect and would not be 
needed for the active SSM we propose, which can be controlled 
by comparatively simple multiplexing strategies. Another 
promising line of research is simultaneous control of both 
phase and amplitude. The inclusion of deep-subwavelength 
structures in the surface of reflectors could convert propagating 
waves into evanescent waves and produce on-demand attenu-
ation of the amplitude. “Super-pixel” concepts comparable to 
this have been explored in optics,[48] and there have been sim-
ilar ideas of encoding both amplitude and phase information 
into hologram generators stretching back as far as the 1960s 
and 70s.[49,50] The modulation of phase and amplitude simulta-
neously could improve even further the acoustic wave control 
already attained by our SSMs.
Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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